Abstract: This paper describes the environmental effects and performance analysis of 2.45 GHz Surface Acoustic Wave (SAW) based RFID systems. Piezoelectric materials and their underlying principles are reviewed to describe the nature of SAWs. A performance analysis is conducted to measure the readability and read range for individual tags, compared to multiple tags in a field environment. On the other hand, effects of temperature, humidity, altitude and vibration on the readability and operability of the system are described. Finally, a conclusion is drawn with regards to the performance of SAW-based RFID systems.
Introduction
There is an increasing amount of interest within the RFID field for the implementation of Surface Acoustic Wave (SAW) devices as RFID tags. Unlike silicon-based Integrated Circuits (ICs), SAW devices are made up of piezoelectric crystals. An SAW RFID tag is similar to its silicon-based counterpart in the sense that their tags communicate with an interrogator via an antenna. The difference however, is that SAW devices contain an Inter-digital Transducer (IDT) that converts the RF signal received from the interrogator into an acoustic wave that propagates along the surface of the crystal. Tiny reflectors are attached to the crystal in a unique arrangement. These reflectors project a unique pattern onto the travelling SAW, which is then converted back into an RF signal by the IDT, thus effectively transmitting the tags data to the interrogator. A digital signal processor in the interrogator converts this received signal into a unique ID (Hartmann, 2002) .
There is a need to understand the utility of SAW-based RFID devices in various applications. In this paper, the environments that these devices would be exposed to during field usage, in both the commercial and the military domain, are simulated. In order to simulate these environments, tests and measurements are conducted to determine the capacity of these systems. This paper is organised as follows: a background on the piezoelectric effect, SAW-based RFID systems, the performance and the environmental analysis is presented in Section 2. The qualitative analysis of all performance and environmental parameters and the details pertaining to the analysis conducted are discussed in Section 3. A straightforward model is also presented here to illuminate some insights into a method for the characterisation of SAW-based RFID systems. Section 4 is reserved for further discussions regarding the actual experimentation techniques and issues related to the analysis or results. Concluding points and future prospects are discussed in Section 5.
Background
The principal means of detection employed by an SAW device is the change of physical property by the transduction mechanism. This involves the conversion of signals from the electrical domain to the physical (acoustic wave) domain and vice versa (Hartmann, 2002) . The IDT provides the suitable interface that enables the conversion of these signals and therefore is the cornerstone of SAW technology. In Radio Frequency (RF) application such as in SAW-based RFID systems this similar concept is used with an antenna system to enable an efficient conversion of RF or Electromagnetic waves (EM waves) to physical (acoustical) waves and vice versa. This is the foundation of the current SAW-based RFID tags and will dominate the remainder of this section.
The piezoelectric effect
In a piezoelectric crystal, the positive and negative electrical charges are separated, but symmetrically distributed, so that the crystal overall is electrically neutral. Each of these sites forms an electric dipole and dipoles near each other tend to be aligned in regions called Weiss domains. The domains are usually randomly oriented, but can be aligned during poling (not the same as magnetic poling), a process by which a strong electric field is applied across the material, usually at elevated temperatures. When a mechanical stress is applied, this symmetry is disturbed and the charge asymmetry generates a voltage across the material. The piezoelectric effect has also been detected in films that have not been poled. Without poling, a preferred crystallographic orientation, as well as possible alignment during measurement, makes this response possible. The piezoelectric response in thin films can be measured by applying a stress to the film and measuring the induced charge (direct effect) or by applying an electric field and measuring the strain induced in the film (converse effect). The physical basis for the design of devices using piezoelectric effect is based on simple combined electrical and mechanical relations (Gauss' law and Hooke's law) (Dunn and Whatmore, 2001) . The relationship between the electrical and mechanical properties is governed by the following equations (Dunn and Whatmore, 2001 ):
where i, j, m = 1, …, 6 and k, l, n = 1, 2, 3. Here S, D, E and T are the strain, dielectric displacement, electric field and stress, respectively, and , ε are the elastic compliances (at constant field), the piezoelectric constants and the dielectric permittivities (at constant stress) (Dunn and Whatmore, 2001 ). The voltage induced by piezoelectric effect is typically dependent on the piezoelectric constant of the material and the force (compressive/tensile) applied on the piezoelectric crystal. The relation between the applied force and the output voltage is not linear. To achieve the piezoelectric response, a material must have a crystal structure that lacks a centre of symmetry (Dunn and Whatmore, 2001) . The application of an electric field along a certain crystallographic direction may produce strain in more than one direction and is specific to the type of piezoelectric crystal structure, where the magnitude of the response is given by the material's piezoelectric coefficients (d ij ) (Dunn and Whatmore, 2001 ). The existence of stress and strain in piezoelectric crystals allows the propagation of acoustical waves along the surface. In turn, the stress and strain affect the wave velocity and frequency. There is surprisingly a huge selection of piezoelectric materials, such as poled polycrystalline ceramics (e.g. lead zirconate titanate, PZT), single crystal or highly oriented polycrystalline ceramics (e.g. zinc oxide, quartz), organic crystals (e.g. ammonium dihydrogen phosphate) and polymers (e.g. polyvinylidiene fluoride) as shown in Table 1 (Dunn and Whatmore, 2001) . 
SAW-based RFID systems
Based on the potential direction for the future of RFID, it is widely speculated and reasonable to introduce a new definition of tags based on the power requirements. Electronic tags could potentially be defined as follows (Robertson and Jaialy, 2003) :
1 passive tags, that require no power supply 2 reader powered active tags and 3 battery powered active tags.
The striking differences here are the reclassification of passive tags. The reason for this is the fact that passive tags such as SAW-based RFID tags are essentially a pure form of passive tags that are essentially completely passive as they do not require the energisation of devices such as in IC-based RFID tags. The underlying principles of SAW tags using the piezoelectric effect allows for the completely passive operation of the system. The SAW-based RFID system consists of the three major components as do their silicon counterparts, being the reader, antenna and the tag. Both the reader and tag require completely redesigned system architecture. Figure 1 is a diagram describing the operation of SAW-based RFID systems. Visualising the diagram, it is obvious that the operating principle relies on the conversion of a radio wave pulse initiated by the reader into a nano-scaled mechanical or SAW on the SAW chip surface (Hartmann, 2002) . This nano-scaled manifestation is then transmitted along the surface of the piezoelectric substrate in the form of a Rayleigh wave. The reflections caused by the deposited wave reflectors are transmitted via acoustical waves to the IDT. This set of wave reflectors create a train of pulses that are uniquely coded. Finally, this unique set of pulses is converted into EM waves by the IDT and is transmitted to the reader's antenna. Consequently, the reader decodes this sequence of pulses using a specified algorithm that eventually enables the identification of the tag. Figure 2 is a general depiction of the Rayleigh wave utilised by the piezoelectric crystal substrate in the SAW tags used in this analysis. This is a transverse wave in nature and travels generally along the surface of the media (Gardner et al., 2002) . Although a rudimentary overview of the SAW tag would suffice at this point, it is interesting to point out that an important parameter that entertains a discussion is the electromagnetic coupling coefficient K 2 (%). The electromagnetic coupling coefficient is a very good indication of energy transfer and bandwidth. A higher value here would contribute an increase in energy transfer and participate in the widening of the allowable bandwidth (Gardner et al., 2002) . Since most piezoelectric crystals already have low acoustical impedance, a higher coupling coefficient would improve the ratio of sensitivity/bandwidth. Table 2 provides a few details pertaining to these important characteristics. The tags utilised in our analysis contain the 128° cut lithium niobate as shown in the table above. These substrates have a propagation velocity of 3992 (m/s) and propagate in the x-direction. They also have a high coupling coefficient and would work as good energy conservation materials due to their high energy transfer properties. It is interesting to point out that there exist some disadvantages for using this cut of lithium niobate and as noted in the table there seems to be a significant signal drift due to temperature effects (Gardner et al., 2002) . This is something that might be identified during parts of the environmental analysis and discussion. There are three types of antenna designs that were considered in our analysis (Robertson and Jaialy, 2003) : 1 monopole antenna 2 single patch antenna and 3 double patch antenna. Figure 3 shows the three different antenna designs used in our analysis. The reader used for the purpose of the analysis is the Model 501 RFSAW RFID reader as displayed in Figure 4 . This system a 2.45 GHz system designed for the Global Tag Solution (GST) and an ISM band reader that uses spatial and code division implementation for its anticollision algorithms. It also has adaptive Electromagnetic Interference (EMI) filtering, supports the 64 and 96 bits EPC standard and typically has a 16 bits error detection coding. The frequency range supported by the reader is 2.4-2.483 GHz and the RF power output is 10 mW ERP Max with antenna or 0.6 mW at RF output port. Finally, the reader used here has a 1000 (cycles/s) tag read speed for data collection and operating temperature range of −20°C to +50°C. The antenna used for the purpose of the analysis is the HG2418P manufactured by Hyperlink Technologies. The HG2418P is a 2.4 GHz 18 dBi wireless LAN heavy duty panel antenna and is designed for applications in the 2.4 GHz ISM band. This antenna works between 2.4 and 2.5 GHz, has a gain of 18 dBi (or 15.86 dBm) and allows both vertical and horizontal polarisation. This device has a horizontal beam width of 22° and vertical beam width of 17°. The operating temperature range of the HG2418P is from −40°C to +85°C with an impedance of 50 Ω. 
Performance analysis
Analysis of the SAW RFID system in a field environment constitutes this section of the test. The performance analysis measures the read performance as described above for various distances and provides an insight into the characteristics of the system. The characterisation of the system encompasses the following:
1 maximum operable range of an individual tag 2 maximum operable range for multiple tags and 3 minimum number of reads required to engage in communication with all the tags within its operable range.
The experimental set-up for the performance analysis is described followed by the results and further discussions in this section. In an attempt to draw a fundamental theoretical conclusion, a brief section is dedicated to the modelling of a SAW-based RFID system performances by specifically relating to the Received Signal Strength (RSS).
Environmental analysis
RFID systems in certain applications require robustness and the ability to withstand extreme environments. In this section, the performance of the SAW RFID system is tested with varied environmental parameters. The parameters varied are temperature, humidity, altitude and vibration. The test is conducted at a fixed distance or range in an environmental testing lab. The result of the environmental test indicates the readability, that is, the actual number of reads by the SAW RFID system, for a given amount of read attempts, in each environment. Similar to the performance analysis, the scope includes a description of the experimental set-up, results and further discussions.
Description of system-specific parameters
SAW-based systems are in general quite different in terms of the operating principles and mechanisms when compared to other RFID systems. As highlighted earlier, it is obvious that the operating principles of this system requires no integrated circuitry and therefore would have quite different system-specific parameters than that of a passive IC-based RFID system. Some of these parameters are fairly straightforward and aid in the understanding of the test set-up. The parameters that are of interest include the actual reads, read attempts, maximum correlation, piezoelectric substrate temperature (referred hereon to as tag temperature) and tag range. The actual reads are the number of successful interrogations by the reader. Conversely, the read attempts are the number of read cycles performed or processed by the reader. The readability is defined as the ratio of actual reads to read attempts.
Cross correlation is a comparison between two signal patterns, one of which is known. These signals are compared to determine similarities and to find features in the unknown signal. The maximum cross correlation (or maximum correlation) gives a measure of how the pulse pattern received from the tag (in response to a read attempt) compares with an ideal pattern in terms of the pulse energy and the relative timing. An ideal maximum correlation value is 1.0.
The tag temperature is dependent on the acoustic wave velocity. As the temperature increases, the total travel time of the acoustic wave also increases (expansion of piezoelectric crystal). This increase in travel time decreases the wave's velocity and also increases the time delays. These longer time delays are therefore sensitive towards temperature and are utilised as a temperature sensing mechanism (Bao et al., 1987) .
The tag range for the purpose of this analysis is reported in two forms. The first is the obvious physical separation that exists between the tag and the readers' antenna. The second is the tag range as related by the software. The operating principle of this system is based on the reflection of the acoustic waves in the surface of the piezoelectric substrate. Since there exists a time delay for these reflections, it is reasonable to suspect that a software code could be optimised to convey the specific time delay required for a transaction with a specific tag. Having this knowledge and obviously the speed at which the EM wave travels through free space (speed of light) and the SAW travelling through the piezoelectric material, it is also quite reasonable to suspect that a second optimisation could be done to predict the range (separation) given the time delay and the associated velocities.
Another setup variable that requires adjustment and fine tuning is the delay transaction time. The delay transaction time is an input variable in the software program that initiates the 'wait' for tags process. This command is of course only initiated after the interrogating pulse is broadcasted. The interesting issue here is that there exist different delays for different tags. For example, single patch antennas have different link properties than a monopole antenna and have different time delays for their respective transactions. Since the time delays here are generally quite important to enable a proper read and an accurate read range, the delay transaction parameters often need readjustments to fit perfectly. Interestingly, complications arise when there exist more than one type of tag in the environment. This causes either all tags to have false separations or at best only one to have an accurately computed separation. While this may seem to be a disadvantage at first, it is important to note that the ability to see increasing or decreasing trends (fairly reliably) in read range or separation is still a lot more powerful than having no indications whatsoever.
Qualitative analysis
The qualitative analysis is divided into three major parts. They are the modelling of the system, performance analysis and the environmental analysis. The first section is a brief introduction into a rudimentary method for modelling SAW-based RFID systems. This section shows that it is possible to use fundamental theories to predict the read range of SAW-based devices in an ambient environment. The performance and environmental analysis are the second and third sections, respectively. These two sections dominate the remainder of this paper.
Modelling of SAW-based RFID systems
Practically, there are numerous ways of modelling a SAW-based RFID system. In considering this notion, one must have certain criteria when attempting to find a suitable process and theory. Traditionally, techniques such as microcell environment characterisation have been used successfully for propagation distances ranging from 10 to 100 m (Bridgelall, 2002; Perera et al., 1999; Rustako et al., 1991; Sarkar et al., 2003; Tan and Tan, 1995) . The criteria used here required the model to be fairly simplistic in nature and used a minimalistic ray tracing approach. This requires a straightforward approach that only considers a few rays while still maintaining accuracy in its predictions. Most methods used have the ability to predict the RSS, but not the read or no read (readability) results of an RFID system. For simplicity, it is reasonable to use RSS predictions with a combined readability factor to enable analysis of these RFID systems. The two models considered here are the dual-slope model and the two ray path model. The dual-slope model is a generalised approach for predicting the RSS and is derived using the two-ray model (Bridgelall, 2002) . Figure 5 depicts the two-ray model, where r1 is the direct ray and r2 is a multipath ray. As revealed in the following section, the two-ray method can be further generalised for most of the experimental set-ups. In the environmental analysis, the experimental set-up is configured in ways to disallow multipath considerations. This is critical and requires proper implementation for various reasons that are detailed in part C. The point to be made is that this setup enabled only single path rays such as r1 in most cases and therefore a simpler method such as the dual-slope model would suffice. In the performance analysis, the appropriate method of analysis is to use the two-ray model because the distance (d) in this case allows multiple rays and almost certainly a minimum of two rays as related in Figure 5 . However, since h1 is equal to h2 in all analysis done during the performance analysis, a reasonable approximation is to also use the dual-slope model. The power of the received signal at the receiver in the dual-slope model can be expressed using a modified version of the Friis formula and is shown in Equation (1) (Bridgelall, 2002) .
where Pr is the received power, Pt is the transmitted power, Gr is the reader antenna gain,
Gt is the tag antenna gain, λ is the wavelength, p is the polarisation mismatch, N is the variation of power before the breakpoint, NB is the increased signal loss beyond the breakpoint and Ro is the breakpoint distance Equation (4)
where hr is the tag antenna height above the surface and ht is the reader antenna height above the surface. These values are suitable for a RFID system close to a surface, h1 equal to h2 and a tag antenna gain from 0.1 to 10.1 dBi. Figure 6 is a simulation for the given parameters using Equations (3) and (4) for the given tag antenna gain range. The plotted line at −35 dBm (0.3 µW) represents the estimated turn on energy requirements of the SAW RFID system under simulation. The intersection of this line with the plotted slope using the dual-slope model indicates the region where the signal strength is inadequate to enable an effective transmission link for the entire link (reader-tag-reader). The lines represent the tag antenna gain in dBi (0.1-10.1 dBi) and give some level of visualisation over a different range of tags. Using this simple tool, it is obvious that if a monopole antenna tag has an estimated 1 dBi gain it will not operate beyond 12 feet. This analogy allows us to use different antenna designs available to predict the maximum operable range. Since there are three types of antenna being used for the analysis, it is possible to predict their operable distances. The following two sections detail the performance and environmental analysis. The performance analysis is used to investigate the properties of Figure 6 .
Performance analysis
The performance analysis is the first experimental investigation conducted on the SAW-based RFID system. The major sections explored during this analysis involved individual and multiple tags. The purpose of this analysis is to conduct a rigorous test to develop an understanding regarding the operability of the system. In attempting to do so, the analysis is conducted with proper planning and setup. In the following sections, the test set-up and results for both the individual and multiple tag analysis is presented.
Operability of individual tags
In the individual tag analysis, each tag is tested for performance degradation given specific separations (tag to reader's antenna). This test is required to allow for a reasonable comparison between the performances of each tag. To establish consistency for the qualitative analysis, a rigorous set-up is developed to maintain consistency.
Test set-up
The performance analysis is conducted in an open ground. The initial thought was to conduct the analysis indoors to simplify the associated environmental issues. In this case, the changes in temperature and humidity could be neglected because of the constant environment. However, a multipath environment is inevitable indoors and is avoidable by conducting the test outdoors instead. Figure 7 shows a probable indoor set-up indicating the ray traces that would typically occur. In this environment, many other collision issues could dominate the solidity of the results, and therefore in an attempt to maintain reasonably low ray tracing issues and to avoid multipath issues this setup was abandoned. Moreover, a setup such as shown in Figure 5 (two-ray model) allows proper comparisons with theoretical results presented earlier. Validity of these comparisons is an initial step in identifying a method for characterising the SAW-based RFID system. Based on this factor, the outdoor set-up such as depicted by Figures 8 and 9 is chosen. In this setup, the analysis is done in a housing area where a cul-de-sac is chosen with six surrounding houses. With consent, all tests are conducted with minimal interferences (no moving vehicles or people). Since the area utilised for the testing is approximately 60 × 150 ft and relatively free of obstacles, this uncluttered environment is deemed a reasonably good location for the performance analysis.
Figure 8
The performance test site
Figure 9
The performance test site in 3D
As shown in Figure 9 , both the tag's antenna and the reader's antenna are positioned 4.3 ft (1.3 m) above ground level. In Figure 8 , a relative 30 ft distance is shown for the tag as compared to the reader's antenna. This is to identify the fact that the reader's antenna is fixed at a specific position in the environment while the tag's distance is varied for the range tests. The 30 ft range is used to estimate the approximate range for the operability of this system. It is noted that both Figures 8 and 9 give a good description and are similar to the actual test set-up.
Test results
The maximum operable range of individual tags is a plot of the readability against the separation (between the tag and the reader's antenna). Figure 10 is a plot of the readability for the three types of tags. The monopole antenna is shown to operate optimally (readability ratio of 1.0) for ranges up to 4 ft. Similarly, the double patch antenna and the single patch antenna, respectively have an optimum operable range of up to about 6 and 10 ft. Analysing the trend for the monopole antenna, it is obvious that the tag losses completely the ability to initiate communication with the reader beyond 12 ft. Similarly again, the double patch antenna and single patch antenna lose any communication ability beyond 24 ft. From the dual-slope model presented earlier, it is plausible that the readability of these tags reduce significantly below 1.0 at or around the tag turn on threshold. Assuming that the tags do not have communication link capabilities at the tag turn on threshold, it is safe to make comparisons between Figures 6 and 10. An evaluation of the points where the tags drop below reasonable readability (in Figure 10 ) and an association with the RSS (in Figure 6) , it is clear that the monopole is predicted to have a gain of about 1 dBi (since the intersection of tag turn on threshold at 12 ft in Figure 6 is 1 dBi). Similarly, the double patch antenna and the single patch antenna have a gain of about 4 dBi (slightly above 4 dBi). Figure 11 is a plot of the processed range from the tag as compared with the measured or actual range of the tag (separation with reader's antenna). The point worth noting here is that all three trends have an approximate slope of about 1 which provides a reasonable justification of accuracy (between the software calibrated tag range and the actual or measured range). This is an important statement since as mentioned earlier the delay transaction allows calibration of the readability and the tag range. Therefore since the tag ranges seem close to reality, it is safe to assume that these parameters are successfully calibrated. This has been a benchmark that is repeated often to ensure proper calibration and to enable accurate data capturing.
Operability of multiple tags
In the analysis conducted for multiple tags, two distinct evaluations are included. Firstly, the operability of multiple tags is analysed simultaneously. This requires all tags be present in the field during the test. The second analysis method is to measure the number of reads (read interrogations by the reader) required to engage in communication with all tags in the environment. The following sections describe the test set-up and results for the multiple tag scenarios. 
Test set-up
The maximum operable ranges of each tag were evaluated individually in the environment previously. In this section, the multiple tag environments are demonstrated by allowing the duality of tags. In this duality, two tags are placed in the line of sight of the readers' antenna. The distances between tags are chosen to allow optimal performances. The setup for these tags is depicted in Figure 12 . The reader's antenna is located in such a way to be centrally focused with the metal plate. Both tags are positioned equidistant from the central point of the metal plate. This in theory enables both tags to receive equal amount of energy from the reader's antenna. The tags are located more than a wavelength (>4.82 in) away from each other. This is done so to enable high RSS while maintaining low magnetic coupling interferences (crosstalk or unintentional coupling). Experimentally, this distance seemed to give better performances and higher reliability.
Test results
Using the test profiles for the setup as described in the previous section, the performance test is conducted for multiple tags. In this stage of the analysis, there exist two differing evaluations that have been prioritised. As mentioned earlier, the two types of analysis conducted are: 1 maximum range of operability for individual tags and 2 minimum number of reads required to read all tags in the environment. Figure 13 depicts the readability of the two single patch antennas versus the separation. The noticeable trend here is that both tags have highly identical curves. The interesting point here is that since both tags have highly similar characteristics, it is probable that using the model presented earlier, it is justifiable that two similar single patch antenna tags in the environment would constitute to a 4 dBi + 4 dBi effective gain. Using the presented model, the approximate range of 30 ft is predictable and seems to fit perfectly with Figure 13 . Figure 14 shows a plot of the minimum number of reads required to engage all tags in the environment. During this phase, the two tags used are both single patch antennas as depicted in Figure 13 . Fitting a line, it is observed that there exists an exponential trend for engaging all tags into communication. As the range of interrogation increase, the number of reads required to engage all tags increases exponentially. Figure 15 , it is evident that the performance of both tags present has improved as compared individually to Figure 10 . Interestingly there is evidence to show that the performances of these tags are still following some similar trends.
Besides the initial dip at approximately 15 ft (for the single patch antenna tag), there seem to exist interdependence of this two tags in a way quite similar to the duality shown by the two single patch antennas previously.
Figure 15
Single patch antenna versus double patch antenna Figure 16 shows the minimum number of reads required to engage the single and double patch antenna tags into communication. The observation here is that there still exists some type of exponential curve. Although the fitted curve is not the typical exponential curve, the trends seem to venture the same direction. In Figure 20 , again it is noticeable that some interdependencies exist between the monopole antenna and the double patch antenna tags. The trends bear some degree of similarity while maintaining the previously noticed reduction in operable range (from Figure 17) . The interesting issue that is bound to arise here is the fact that there seems to be a general trend for reduction in operable range for these tags during multitags environments (when the tags in the field have different antenna designs). However, there seem to be increases in operable ranges when two highly similar tags are used in the environment under the test set-up used here. This very peculiar inference may seem odd, but there are reasons to believe that the radiation patterns of these antennas or anticollision mechanisms play a crucial role in determining these occurrences. This issue is taken up in the discussion section, where possible explanations are suggested. The following section details the test set-up and results for the environmental analysis.
Environmental analysis
Environmental chambers located in the environmental testing lab at Lockheed Martin facility in Grand Prairie, TX, are used to simulate the temperature, humidity, altitude (low pressure) and vibration/mechanical stress environments. The results of the environmental test indicate the readability of the system, that is, the actual number of reads by the SAW RFID system, for a given amount of read attempts, in each environment. The single patch antenna tag is used throughout the environmental analysis. This is done because this tag's performance outweighed the others. In the following sections, each environmental parameter noted above is discussed in detail. The setup and results of each individual environmental analysis are also discussed. 
Temperature test
A key parameter of environment analysis is the variation of temperature while all other environmental parameters are held constant. It is essential to discover the temperature limitations of the system so that the system can be effectively deployed in harsh temperature environments. Since the temperature chamber could simulate Relative Humidity (RH) as well, the same setup described in the following section is utilised for both temperature and humidity tests.
Test set-up
The front view (looking into the chamber from front to back) of the test set-up for the temperature and humidity test is depicted in Figure 21 (note figure is not drawn to scale). Since the temperature chamber is made up of metal walls, consideration is taken to reduce multipath occurrences and increase system performance. Thus, anechoic material is used behind the reader as well as the tag, designated by anechoic foam wedges in the Figure 21 . The horizontal beam width of the antennae is 22° and the vertical beam width is 17°. The tag is placed 3 ft away from the antenna to remain consistent with the performance analysis.
Simple calculations are conducted to cover the area of at least 1.5 × 1.5 ft behind the tag with the anechoic material to effectively absorb all the other radiated rays from the antenna (note: the centre of this rectangular area covered by the anechoic material coinsides with the centre of the tag as well as the centre of the anechoic material, shown by the line of sight in the figure). Similar reasoning is used to place the anechoic material behind the reader to absorb the reflected signal sent out by the tag antenna. The importance of the anechoic material placement to the test is discussed in the results section.
Figure 21 Temperature test set-up
The antenna is placed equidistant from the two walls (front wall and back wall) of the chamber, 4.5 ft (measured from the back wall to the antenna). The height of the anechoic material, the antenna, the tag and the 'line of sight' that passes through the centres of all four objects measured to the chamber floor is 4.25 ft (1.3 m, consistent with performance analysis). As pointed out above, the distance between the antenna and the tag is 3 ft. The computer and the reader were not subjected to any environmental test and thus remained outside the test chambers for the temperature, humidity and the altitude test which required use of simulation chambers.
The test temperature range is derived from the operating range of the antenna, which is −40°C to 85°C. For ease of testing and analysis reasons, the testing is broken up into two tests, a hot test and a cold test, respectively. For the hot test, the temperature range is 70-180°F, and for the cold test, the temperature range is from 60°F down to −40°F. The testing is done in accordance with MIL STD 810F paragraph 501.4 for the hot test and 502.4 for the cold test. Temperature is considered stabilised when the tag temperature does not change by more than 1°C in 5 min. The rate of change of the temperature chamber is 10°F per minute and the approximate rate of change on the tag is 1°F per minute. Temperature tolerance is ±1°F.
Test results
This section discusses the trends that are observed for readability and maximum correlation. Figure 22 shows the readability for the hot test. After repeating the test several times the test data shows that there exists 'error zones' in which the readability of the system is greatly affected.
Figure 22 Hot test-readability versus temperature
This is caused by several factors related to the computer performance, as discussed in the discussion section. Several issues dealing with the placement of the anechoic material in the correct place were encountered during early phases of testing. It was discovered that the readability was greatly affected at certain temperatures.
Maximum correlation gives a very good indication of how well the tag is being read. The trend observed in Figure 23 is that as temperature increases the maximum correlation decreases.
The readability performance for the cold test is shown in Figure 24 . Similar 'error zones' at −10°F (−23.3°C) are observed during the cold test as in the hot test. Figure 25 depicts the maximum correlation curve for the cold test. This curve shows that as temperature decreases, the maximum correlation increases, a trend similar to the one observed for the hot test. However, there exists a trend for a decrease in the maximum correlation below 0°F (−17.8°C). As the reader's antenna approaches its limitations (−40°C), the degradation of antenna performance causes the maximum correlation to reduce towards 1.0.
Humidity test
Humidity affects RF radiation by changing the refractive index of the signals, that is, scattering the signal. High humidity can also lead to absorption losses caused by the water molecules in the air. It is therefore important to understand how the SAW-based system performs in a high humidity environment. 
Test set-up
The temperature chamber used is capable of varying humidity and thus the test set-up for the humidity test is identical to the temperature test.
The SAW-based system is tested over the range of 50% RH to 95% RH. Similar to the temperature test this test is broken up into two parts. The first involves varying the humidity while leaving the temperature constant at 75°F, and the second test involves leaving the humidity constant at its maximum value of 95% RH and varying the temperature from 80°F until the readability degraded significantly. The humidity test is performed in accordance with MIL STD 810F and the humidity is said to be stabilised when the chamber humidity does not change by more than 1% in 5 min. The tolerance band for humidity is ±1%. The final test temperature turned out to be 120°F (49°C), where the readability is 0.1.
Test results
Change in RH has a very insignificant effect on readability, contrary to what was initially expected. At ambient temperature, the readability (shown in Figure 26 ) is 1.0 across the entire humidity range.
The maximum correlation curve shows that as moisture in the air increases the behaviour of the tag deviates from ideal, which is an expected result. Figure 27 illustrates that the results are considerably different when the humidity is held constant at its maximum value of 95% and the temperature is varied. Just moving up 5°F, from 75°F to 80°F (26.7°C), lowers the humidity to 0.8 and the maximum correlation to 0.216; as the temperature increases the number of water molecules in the air increase, causing additional absorption and scattering losses. It is observed that with every 10°F change in temperature after 90°F (32.2°C), the readability stumbles by a factor of ~0.3. Experiment shows that the maximum temperature at which the reader successfully interrogates the tag is 120°F (49°C). The maximum correlation curve supports the readability data, and it is observed that the maximum correlation is very close to 0 at 120°F, that is, at 120°F and 95% RH, the signal that the antenna receives in response to its read attempt is nothing like what its expecting to receive. 
Altitude test
72% of total air mass is present in the region approximately 33,000 ft (10 km) above sea level in the troposphere region. In this region, the gas molecules interact with electromagnetic radiation and cause loss of energy. Above 33,000 ft, air starts depleting and interference losses reduce notably. Therefore, it is important to understand the effects of altitude on RF propagation.
Test set-up
An altitude chamber is used to simulate the lack of pressure observed at high altitudes for the purpose of this test. The test set-up is similar to that used for the temperature test. The dimensions for the altitude chamber used are 6 ft × 6 ft × 8 ft. Figure 21 of the temperature test can be referenced for visualisation of the test set-up. The only major difference is that, since the chamber has a width of 8 ft (instead of 10 ft), the antenna is placed 3.5 ft away from the back wall and the anechoic material is placed 1.5 ft away from the back wall.
In order to attain vacuum inside the chamber, precautions are taken such that the chamber and the outlet used to connect the antenna and the reader are hermetically sealed. The altitude is varied from 5000 ft to 105,000 ft and the temperature is held constant around room temperature between 72°F and 83°F. The altitude test is performed in accordance with MIL STD 810F and the altitude is said to stabilise when the chamber altitude does not change by more then 5 ft in 5 min. The tolerance band for altitude was ±5 ft.
Test results
The altitude test is conducted for an elevation of up to 105,000 ft, as evident from Figure 28 . Since there is lack of evidence to suggest the existence of applications that operate beyond this elevation; the test was concluded at 105,000 ft. Furthermore, there are negligible changes in the maximum correlation above 75,000 ft. The temperature range is between 72°F and 83°F because there is no means available of cooling the altitude chamber. The heat produced by the chamber operation slowly increases the environment temperature. However, since the chamber simulates altitude by decreasing pressure in a fixed volume, there is some reduction in temperature as the altitude increases, which keeps the temperature below 83°F.
Readability stays at 1.0 (100%) throughout the altitude test, as a matter of fact, the performance of the system got better as the altitude increases, a result that would agree with the earlier explanation. It is observed that the system performance is getting better based on the maximum correlation curve. Lack of air at high altitudes removes any scattering and absorption losses improving the system performance.
Vibration test
The vibration analysis is an important part of every environmental test. Vibration tests simulate mechanical stress endured by a tag during its operations. For example, a tag stuck to a pallet being moved by a forklift or as part of a package being shipped by a truck would undergo certain mechanical stress.
Test set-up
A vibration table was used to simulate the mechanical stress that the tag would encounter. Figure 29 shows the test set-up for the three-axis vibration.
Figure 29
Vibration test set-up
The distance between the tag and the reader was 3 ft for all three axes. For the X-and Y-axes, the tag is positioned on the horizontal slide table, and for the Z-axis the tag is placed on the vertical slide table. Figure 29 shows the orientation for all three axes of vibration. The test is conducted at ambient conditions. Figure 30 is a typical Power Spectral Density (PSD) chart for the vibration profile; derived from Table 3 . Two types of vibration test were conducted; the first test simulated US Truck Highway environment and the second a sine sweep at 5 g across the frequency spectrum from 20 to 2000 Hz. Figure 31 . Figure 32 describes the results of the US highway truck vibration test for all three axes. The readability of the system for all three axes is 1.0. The maximum correlation curves for all three axes are all within a range from 1.5 to 1.8. Similar results are seen for the 5 g sine sweep as shown in Figure 33 . The conclusion drawn from these results is that vibration in any axes for any frequency between 20 and 2000 Hz has no effect on the system performance of SAW-based RFID system. 
Test results

Discussion
This section deals with anomalies, interesting trends and system limitations that were observed during the testing phase. The system limitations are discussed first, followed by the issues that were encountered during the performance and environmental analysis. A key system limitation that was observed dealt with the sampling of the data received. The transmission rate (from reader to the computer) has the ability to contain information of up to a 1000 (reads/s). This substantial amount of data cannot be conveyed through a RS-232 port at this high transmission rate. Therefore, a mechanism was introduced in the software to allow the averaging of these samples. This averaging mechanism gives the user an option of choosing between 1, 2, 4, 8, 16 and 32 as the average number. The average chosen for the purpose of all testing (performance as well as environmental) was 32, that is, 32 data samples were averaged into one sample. This averaged data sample is then conveyed to the computer for further processing from the reader. A lower average number implies a higher data rate and therefore lower system performances. If a lower average number is used, then the computer cannot process all the reads, and it would resort to saving the data received in a queue for post analysis. A clear draw back of such a system is that the data processed is not in real time.
This leads to another system limitation that was encountered, a need for a very powerful computer system. Besides the above mentioned reasoning, during multiple tag-testing phase of performance analysis, it was frequently observed that either both the tags that were present were read or none at all. There seemed to exist a signal-lock and signal-lost type of condition. A 'signal-lock' occurs when the readability is 100% for a given amount of read attempts (for both tags). A 'signal-lost' occurs when the readability is 0% for a different amount of read attempts (also for both tags). During multiple tags testing, it was frequently observed that the 'signal-lock' condition would occur followed by a 'signal-lost' condition and then back to a 'signal-lock' condition. This would explain the existence of similar trends for the two tags that were tested (Figures 13 and 15) . For example, a 'signal-lock' condition would occur for 300 reads, followed by a 'signal-lost' condition for 40 reads and finally back to the 'signal-lock' condition. After some troubleshooting, it was observed that often when the readability was 0% (during 'signal-lost'), the computer fan would be running at a lower speed and as soon as the readability improves ('signal-lock'), the fan speed would increase as well. This implies that at lower fan speeds, certain processes are not running, adversely affecting the read performance. These inconsistencies closely relate to the similarities (in trends) observed in Figures 13 and 15 . Although this could be a tag collision issue, it is more likely a computer performance related issue. Thus, it is concluded that the read performance could be closely related to the computer performance.
Another interesting observation was made during the multiple tags testing phase. As three or more tags (with different antenna designs) came within a close proximity of each other and equidistant from the reader, the read performance of the system would greatly degrade. The only deducible conclusion was that the anticollision algorithm for this particular system was not up to par and when the tags came close to each other and equidistant from the reader, the reader got confused. If the tags were at a different length away from the reader, the time of flight would be different, leading to a much better read performance. Thus for simplicity and consistency sake, the maximum number of tags (with different antenna designs equidistance from the readers' antenna) present for all our testing was limited to two tags.
Additionally, when comparing Figures 10 and 15 , we saw that with both the single patch antenna tag and the double patch antenna tag present in the field, the read performance was better as compared to the individual tag testing. A similar trend was observed when comparing Figures 10 and 13 (two single patch antenna's in the field). Therefore, it was obvious that when both tags present in the field were of similar characteristics (antenna design), the read performance for both tags was improved. Otherwise, if both tags in the environment were of differing characteristics, it was evident that the weaker tag (lower antenna gain) suffers higher performance degradation. These trends were observed in Figures 17 and 20 . Figure 34 is a plot of the range ratio (software range to actual range) versus the temperature in degrees Celsius. Since the range of the tag as denoted by the software does not allow negative values, a saturation point set by the software is 0.1 ft (very close to zero). Keeping this in mind, values close to zero for the ratio must be ignored. Notice that there exists a trend for the increase in the range ratio as temperature increases. Since the actual range was set constant (at 3 ft), it was obvious that the software calibrated tag range seem to increase for an increase in temperature. This was caused by the so called signal drift as mentioned earlier in this paper and as evident from Figure 34 , occurs as a result of temperature changes. 
Conclusion
In this paper, SAW-based RFID systems are introduced. The underlying operational principles of SAW-based RFID systems are described, and motivation is presented for a detail analysis of the system. A simplistic dual-slope model is used to identify the readability of the system. This general theory is then tested against the results of a rigorous performance analysis. On the other hand, the effects of environmental factors are considered and a detailed environment analysis is conducted. Finally, experimental results and compelling discussions are presented for the environmental and performance analysis.
